Cobalt-doped magnetite (Co x Fe 32x O 4 ) nanoparticles have been produced through the microbial reduction of cobalt-iron oxyhydroxide by the bacterium Geobacter sulfurreducens. The materials produced, as measured by superconducting quantum interference device magnetometry, X-ray magnetic circular dichroism, Mössbauer spectroscopy, etc., show dramatic increases in coercivity with increasing cobalt content without a major decrease in overall saturation magnetization. Structural and magnetization analyses reveal a reduction in particle size to less than 4 nm at the highest Co content, combined with an increase in the effective anisotropy of the magnetic nanoparticles. The potential use of these biogenic nanoparticles in aqueous suspensions for magnetic hyperthermia applications is demonstrated. Further analysis of the distribution of cations within the ferrite spinel indicates that the cobalt is predominantly incorporated in octahedral coordination, achieved by the substitution of Fe 2þ site with Co 2þ , with up to 17 per cent Co substituted into tetrahedral sites.
Introduction
Research into magnetic nanoparticles (MNPs) of the form M x Fe 32x O 4 (M ¼ Co, Zn, Ni, Cr, etc.) has developed into an area of widespread activity in recent years in response to a broad range of potential applications, such as remediation of contaminated land and water [1] [2] [3] , catalysis [4, 5] , targeted drug delivery [6] , magnetic data storage [7] and magnetic thermotherapy targeting cancerous tumours [8] [9] [10] .
Targeted cancer therapies include magnetic hyperthermia in which a heating effect is induced by MNPs (localized within a tumour) under the influence of an oscillating magnetic field. Using this effect, once the temperature at the localized region reaches 40-458C [10] , cancerous cells will be destroyed without causing extensive damage to healthy tissue (cancerous cells are more sensitive to heat than normal cells [11] ). The heating effect is dominated either by the physical rotation of MNPs within solution (Brownian relaxation), or by the magnetization reversal within the particles (e.g. Néel relaxation or magnetic hysteresis losses). Both processes lead to a release of heat; however, the effect is dependent on the size and anisotropy of the MNPs [12] . The overall heating produced by the MNPs under the influence of an AC field is defined by the specific loss power (SLP) [13] .
Several methods have been developed for producing MNPs, including chemical and mechanical methods such as co-precipitation and ball milling [14] . Many of these processes can be expensive and environmentally damaging owing to the use of high temperatures and toxic materials. An alternative way to produce MNPs at ambient temperatures is via the use of subsurface Fe(III)-reducing bacteria such as Geobacter sulfurreducens or Shewanella oneidensis, which can conserve energy through the oxidation of an electron donor such as organic matter or hydrogen, coupled with the reduction of Fe(III) [15, 16] . The reduction leads to the release of soluble Fe(II) which is able to recrystallize with solid phase Fe(III) to produce magnetite (Fe 3 O 4 ) and potentially other mineral phases, including siderite, goethite, viviantite, haematite and green rust depending on the conditions of formation (i.e. pH and temperature) [17] [18] [19] .
Magnetite has a cubic spinel lattice structure with a unit cell containing 32 cations with transition metal dopants such as cobalt, zinc, nickel or chromium in the magnetite serves as a method to change the magnetic properties of the MNPs [20, 21] . The aim of this work is to further the understanding of the effect of cobalt substitution into the structure of biogenic magnetite and to demonstrate the potential use of such biologically synthesized cobalt ferrites for magnetic hyperthermia applications. Several techniques have been applied in order to fully characterize the material that was produced through the reduction of Co(II)-Fe(III)-oxyhydroxide starting material by G. sulfurreducens.
Results and discussion

Physical characteristics and crystal structure
Inductively coupled plasma (ICP) spectrometer analyses show that the cobalt content in the starting materials (at%Co ICP ) is approximately 30 per cent less than the designed starting Co fraction at the beginning of the synthesis process (table 1) . This 'loss' occurs during the process of producing the cobalt-iron precursor and is considered to be due to incomplete precipitation of cobalt into solid phase oxyhydroxide at pH 7 [22] . Electron probe microanalysis (EPMA) used to determine the relative ratios of cobalt to iron (x EPMA ) in the nanoparticles shows that the amount of cobalt incorporated into the nanoparticles closely matches the amount that is available in the starting gels. As EPMA analyses a volume of 2 mm 3 , it represents the average nanoparticle composition and gives compositions to a high degree of accuracy (error , +0.5%); from the %Co results, the x EPMA , according to the formula Co x Fe 32x O 4 , was determined.
Powder X-ray diffraction (XRD) was used to characterize the phases that were produced by the microbial reduction in the Co(II)Fe(III)-oxyhydroxide gel (figure 1). The first three samples (Co0, Co5, Co15) clearly show (220), (311), (400), (511) and (440) reflections characteristic of magnetite, with the Co20 sample displaying only (311) and (440) peaks. Samples with the highest cobalt concentrations (Co33 and Co50) do not exhibit any peaks corresponding to magnetite, which is attributed to low particle sizes, resulting in reflections that are indistinguishable from the background noise. At the highest cobalt concentration (Co50), it is possible to see the emergence of a peak at 2u ¼ 118 consistent with the main reflection for green rust that appears to be produced as an additional mineral phase.
Analysis of the magnetite (311) reflection enabled the determination of mean crystal diameter for samples Co0-Co20. The incorporation of cobalt has a significant effect on the particle size, with an immediate drop in mean crystallite size from 36.7 (Co0) to 11.3 nm with the addition of just approximately 5 per cent cobalt (Co5). There is little change in particle size for cobalt concentrations higher than this with values of 13.7 Table 1 . The composition of the starting materials and nanoparticles. The at% cobalt concentrations in the starting material were measured using ICP-AES (%Co ICP ), and the nanoparticles by EPMA and calculated from the XAS spectra. Values of x in the formula Co x Fe 32x O 4 were also calculated from both the EMPA (x EPMA ) and XAS (x XAS rsif.royalsocietypublishing.org J R Soc Interface 10: 20130134 and 9.5 nm determined for Co15 and Co20 samples, respectively. Cobalt has a comparable ionic radius to iron (0.074 and 0.077 nm for Co(II) and Fe(II) in octahedral coordination, respectively [23] ), thus the particle size change is not due directly to the substitution of the Co(II) cation. Transmission electron microscopy (TEM) was performed on the samples to investigate morphology and size changes in the series (figure 2). The results confirm XRD measurements with size varying from 30 to 40 nm (Co0), approximately 10 nm (Co5, Co15 and Co20) and approximately 2-4 nm (Co33 and Co50). Selected area electron diffraction (SAED) indicates that the first four samples in the series (Co0-Co20) contain only cobalt-doped magnetite nanoparticles ( figure 2, insets) . The two samples with the higher cobalt concentrations (Co33 and Co50) contained both the small particles, identified as magnetite from SAED, as well as large plate-like and needle features. These larger particles were attributed to green rust that occurs as hexagonal plates [24] , as indicated by the XRD (figure 1), although SAED measurements could not confirm this.
Energy dispersive X-ray (EDX) spectroscopy was used to confirm differences in cobalt concentration throughout the series. The amount of cobalt in the nanoparticles was measured at 4.4 per cent, 12.8 per cent, 13.9 per cent, 18. [25, 26] .
It is not clear from the results presented why the particle size decreases so significantly with increasing cobalt concentration. Several factors could have an effect, including (i) the rate of Fe(III) reduction by G. sulfurreducens [27] ; (ii) heavy metal toxicity to the micro-organism; and (iii) the initial amount of cobalt-doped ferrihydrite nanoparticles at the start of the culture experiment. This varies across the samples as the initial total Fe(III) concentration (50 mmol l
21
) was constant; consequently assuming that all the cobalt-ferrihydrite particles have the same size, more particles are required to ensure an equal Fe(III) content. (iv) The size of the ferrihydrite nanoparticle starting materials might also be affected by the introduction of cobalt and lead to overall changes in the sizes of cobalt-doped magnetite nanoparticles produced. The size of magnetite nanoparticles produced by G. sulfurreducens has previously been shown to be controllable by the amount of bacteria introduced at the start of the experiment with high concentrations of microbial cells yielding smaller nanoparticles than when fewer cells are used. It would be possible to apply similar methods in the case of cobalt-doped nanoparticles and might provide a possible route through which the particle sizes could be made more uniform with increasing cobalt concentration.
Magnetic properties and hyperthermia
Measurements of the magnetization with respect to applied magnetic field were carried out at room temperature (RT ¼ 300 K) and low temperature (5 K) with results for coercivity (H c ), saturation magnetization (M s ) and remanence (M r ) obtained from hysteresis loops presented in figure 3a-e. These measurements indicate a very large increase in the lowtemperature coercivity (H c ) as the cobalt dopant concentration increases and, importantly, only relatively small decreases in overall saturation magnetization (M s ).
The increase in H c at 5 K reaches a maximum at Co20 (11.5 kOe), with Co33 exhibiting the same value, before a small decrease for Co50 (10.2 kOe). M s decreases (with increasing Co doping) at both RT and low temperature, although the most significant reduction is observed for Co50. An important result that can be taken from these measurements is that at Co20 (low temperature), there is a very significant increase in coercivity compared with Co0 (37Â larger), while the saturation magnetization only decreases by 6 emu g
21
, corresponding to an 8 per cent decrease. Maintaining a high M s is important in order to minimize the amount of material required to achieve the desired magnetic response for different applications, in particular those focused on medical therapies. Room temperature measurements also show increases in the coercivity of the samples as cobalt concentration increases although the maximum is reached at Co15 where H c is 12Â larger than that measured for Co0. Changes in saturation magnetization parallel those seen at 5 K although approximately 8 emu g 21 lower, excluding Co50, for which the difference is 20 emu g
. Additionally, figure 3e shows that M r /M s ratio initially increases with increasing cobalt concentration at both 5 and 300 K, with a value of zero at 300 K for Co50, corresponding to zero coercivity (i.e. superparamagnetism). This superparamagnetic state is reached through the reduction in particle size to less than 4 nm for the highest Co concentrations.
Information about the blocking temperature (T B ) of the samples is obtained through examination of the field-cooled (FC) and zero-field-cooled (ZFC) magnetization collected at 100 Oe (figure 3f -h). The T B is defined as the point above which the sample exhibits superparamagnetism such that the nanoparticle magnetization is free to align in random orientations. This is best interpreted as the peak of the ZFC curve at the point where it intersects with the FC curve. The data show that at low %Co (Co0, Co5), intermediate %Co (Co15, Co20) and Co33 samples, the T B is above room temperature with no discernible peak visible below 300 K. A clear peak is visible for Co50 at 220 K at which point the gradient of the ZFC curve is zero as it joins the FC curve. This point corresponds to the T B , above which the sample becomes superparamagnetic. This is confirmed by an examination of the H c values that indicate Co50 has zero coercivity at room temperature.
A lower limit for the anisotropy (K ) of the samples can be estimated from the expression H c ¼ 0.958 K/M s [28] (assuming uniaxial anisotropy), where H c and M s correspond to coercivity and saturation magnetization at 5 K, respectively. However, the presence of larger particles in the distribution is likely to increase the anisotropy above this threshold. The size of the anisotropy determines how strongly the particle's magnetic moment is fixed to an easy direction within the particle. It should be noted, however, that such values underestimate the true anisotropy when the samples are not fully saturated (as is the case here for samples with higher Co concentrations). The results presented in table 2 indicate that the anisotropy significantly increases by an order of magnitude through minor additions of cobalt (Co5). Thus, the inclusion of Co in the ferrite spinel leads to an increase in the magnetic anisotropy of the nanoparticles comparable to previously observed values of first-order anisotropy constants of synthetic bulk Co -ferrites (CoFe 2 O 4 ; jK 1 j % 2 Â 10 6 erg cm 23 ) [29] . The effect appears to be the largest for the Co20 and Co33 samples that exhibit the highest-recorded coercivity. The potential use of the cobalt-doped magnetite nanoparticles for hyperthermia measurements was assessed from results shown in figure 4. The SLP of the nanoparticles was determined from the rate of change of temperature of a suspension containing a known concentration of cobalt -ferrite nanoparticles under the influence of an AC magnetic field, as discussed extensively elsewhere [12] (i.e. SLP / dT=dt). A relatively low magnetic field of 205 Oe was applied at a frequency of 87 kHz for the experiments reported here. The temperature rise observed (normalized to the mass of iron in the samples measured in mg) is shown in figure 4 together with the determined SLP for the biogenic magnetite and three of the cobalt ferrite nanoparticle samples (Co20, Co33 and Co50). The results demonstrate significant heating effects at a frequency and applied field that would be suitable for clinical hyperthermia applications. Several studies have also attempted to explore the use of biogenically derived magnetite nanoparticles using magnetosomes (intracellularly produced magnetite grains) for magnetic hyperthermia [30] [31] [32] and reported high values of SLP (up to 1 kW g 21 ); however, it is difficult to make a direct comparison between those results and the values reported here owing to the alternative conditions applied in that study (10 kA m
; 410 kHz). Other difficulties Table 2 . Structural and magnetic properties of cobalt-doped magnetite nanoparticles. d, particle size; M s , saturation magnetization; H c , coercivity; M r , remanence; K, anisotropy. rsif.royalsocietypublishing.org J R Soc Interface 10: 20130134 associated with using magnetosomes include large crystal size that probably results in magnetically blocked particles that would be difficult to control at room temperature, hence biomedical applications, owing to residual magnetization. Another advantage of using the approaches presented within this paper instead of magnetosomes is the ability to generate much larger quantities of material relatively easily. An enhanced heating effect can be clearly observed for the cobalt -ferrite biogenic nanoparticles in comparison with the undoped biogenic magnetite nanoparticles. For superparamagnetic particles, the SLP is highly dependent on the strength and frequency of the applied magnetic field, and the effective relaxation time (t eff ) of the nanoparticles in suspension [33] . In turn, t eff depends on the intrinsic size and anisotropy of the nanoparticles, and also on their hydrodynamic size (i.e. the effective size in fluid suspension) and solution viscosity. For the nanoparticles measured here, the combination of a reduction in particle size and an increase in anisotropy will alter t eff with respect to the undoped particles. The observed enhancement in heating effect for the cobalt-doped samples could thus be caused by a better matching of t eff with the applied magnetic field frequency. However, given the very large anisotropy values generated in these particles, it is also possible that hysteresis losses could play a role. Additional heating effects could be induced for the low-cobalt-containing samples by decreasing their particle size. Simple modifications of the procedures used throughout this study could be applied to yield Fe 3 O 4 nanoparticles with diameters of 10 nm by increasing the number of bacteria used to initiate the microbial Fe(III) reduction in ferrihydrite as previously shown [27] . It is anticipated that this modification to the technique would also yield smaller cobalt-doped magnetite. An additional benefit of applying this modification to the methods procedure is a decrease in the size distribution of the nanoparticles. The smallest Fe 3 O 4 nanoparticles produced within that study have very narrow size distributions that are comparable to those generated via synthetic methods [34, 35] . Further investigation of the hyperthermia properties of these particles is in progress and will be presented in a future publication.
Distribution of cations
X-ray absorption spectra (XAS) and X-ray magnetic circular dichroism (XMCD) spectra were collected to understand the changes in the magnetic structure of the MNPs as cobalt is incorporated ( figure 5 ). The XAS spectra obtained in total-electron yield (TEY) mode for both Fe and Co L 2,3 edges are shown in figure 5a , with the absorption intensity of the Fe L 3 maximum normalized to 1, and the Co signal scaled accordingly. The peak intensity of Co with respect to Fe provides the relative cobalt concentration in the structure of the nanoparticles. The values match closely with those found using EPMA ( The relative intensities of the XMCD spectra provide information on the magnetization of the samples relative to each other. It is clear that sample Co50 has the smallest XMCD amplitude in all cation sites, reflecting its lower saturation magnetization as shown in figure 3d . The cations in the magnetite structure produce unique XMCD signatures determined by site location, valence state and magnetization direction. Atomic multiplet calculations [37, 38] have been applied to the Fe L 2,3 XMCD spectra and were fitted to obtain the most accurate description of the experimental data to determine the relative occupancy and oxidation state of the Fe cations in the three sites in the lattice. Stoichiometric magnetite has a total iron occupancy of 3 These results show that the majority of the cobalt is incorporated into the octahedral site in place of ferrous iron; however, there is also substitution into Fe 3þ tetrahedral and octahedral sites for all Co concentrations (although the results for Co5 are within the error of+0.02 from the results of Co0). Further analysis of the Co XMCD (figure 5d) is useful in determining where cobalt is entering the crystal structure. The Co L 3 XMCD signal has negative sign which is indicative for the magnetic alignment of the octahedral site. The highest cobalt-containing samples (Co50) have the most intense XAS signal, corresponding to higher Co concentration; however, these also have the least intense Co XMCD, reflecting the overall reduction in M s and also the presence of a non-magnetic phase (most likely unconverted Co(II)Fe(III)-oxyhydroxide; see Mössbauer results below) that contains Co. The Co XAS and XMCD spectra obtained for all samples show very little differences in spectral shape, indicating the same cobalt composition is present in all samples. The cobalt species can be identified through a comparison of experimental and calculated spectra [37, 38] . The spectra observed most closely match that of calculated Co 2þ octahedral (as identified by
Coker et al. [20] ), a result that confirms the incorporation of cobalt in place of ferrous iron in the octahedral site and agreeing well with results for CoFe 2 O 4 thin films [40] . However, the complex multiplet structure of the various Co species fails to exclude a small amount of tetrahedral Co substitution. In fact, simulations by Hochepied et al. [41] would suggest that between 10 and 20 per cent Co exists as tetrahedral Co in cobalt-ferrite nanoparticles.
Using the results in figure 5c , we can speculate on the several possible scenarios to describe the incorporation of cobalt into the magnetite crystal structure. Clearly, the majority of the cobalt (72%) substitutes as Co 2þ in the Fe 2þ [B] site, which preserves the overall neutral charge balance of the unit cell. However, also the other Fe site occupancies can be seen to change in figure 5c. 
Mössbauer spectroscopy
Mö ssbauer analysis was carried out to characterize the bulk cation properties of the materials at room temperature (RT ¼ 300 K) and low temperature (LT ¼ 110 K; figure 6 and table 4). The spectra were fitted to obtain the isomer shift (IS), quadrupole splitting (QS) and magnetic hyperfine field (B hf ). Almost all samples exhibit B hf spectra except Co50 at RT that displays a paramagnetic doublet. This is superparamagnetic behaviour, the result of the T B , RT as observed using superconducting quantum interference device (SQUID) magnetometry (T B % 220 K). All hyperfine field spectra were fitted with two sextets, the first corresponding to Fe 3þ (A) and the second , respectively. The QS observed shows the general trend for the (A) and [B2] sites to remain relatively unchanged throughout the series; however, there is seen to be a linear decrease in [B] site splitting until sample Co50, for which the value more closely matches that of Co5. Only unpaired electrons contribute to B hf . The B hf determined for the pure magnetite sample at room temperature is calculated at 486.6 kOe at the tetrahedral (A) site, and 451.1 kOe at the octahedral [B] site, which closely matches established data [46] . Low-temperature measurements of 506.5 and 478.8 kOe for (A) and [B] sites, respectively, also match pre-existing data closely [45, 46] . There is an observable overall decrease in the B hf of all three sextets through the series that supports the interpretation of the XMCD data that suggests that some Co enters the tetrahedral site in place of Fe 3þ (A). rsif.royalsocietypublishing.org J R Soc Interface 10: 20130134 Table 4 . Mössbauer fitting parameters determined for cobalt-doped ferrite spinel samples at room temperature (RT) and low temperature (LT). Parameter values are given for the isomer shift (IS), quadrupole splitting (DE Q ), hyperfine field (B hf ) and population (pop. figure 5c indirectly suggests that up to 17 per cent Co is incorporated into the tetrahedral site. Changes in the hyperfine field detected using Mö ssbauer spectroscopy also lend support to the likelihood of tetrahedral cobalt substitution. The overall coercivity of the particles is found to increase strongly with increased cobalt doping, with a concurrent minor decrease in saturation magnetization. We have demonstrated that a biological method can be used to obtain ferrite nanoparticles with tailored magnetic anisotropy values through Co doping. For applications in magnetic hyperthermia, this ability to control anisotropy, together with the possibility of controlling nanoparticle sizes as demonstrated previously [27] , could provide a method to optimize the nanoparticle relaxation time for a specific applied field frequency, thus greatly enhancing the heating effect. Large heating effects are essential to realize the therapeutic potential of the technique where the applied field amplitude and frequency are limited by practical and clinical considerations.
Experimental methods
Six different cobalt -iron suspensions (Co(II)Fe(III)-oxyhydroxide) were prepared through the co-precipitation of a mixture of iron(III) chloride (FeCl 3 ) and cobalt(II) chloride (CoCl 2 ) via the addition of sodium hydroxide (10 N) acting as the hydrolysing agent until the suspension reached a pH of 7.0 [15] . The starting concentrations of FeCl 3 and CoCl 2 were varied to produce six different 'gels' corresponding to 0 per cent, 5 per cent, 15 per cent, 20 per cent, 33 per cent and 50 per cent Co (by molar percentage) referred to as samples Co0, Co5, Co15, Co20, Co33 and Co50, respectively. After precipitation, the chloride ions were removed by centrifugation at 17 000g for 20 min and washed with deionized water, with this step repeated six times. The total concentration of iron was determined by Ferrozine assay [47] . ICP atomic emission spectroscopy (ICP-AES), after extraction using 3 M HNO 3 , was used to determine the relative amounts of cobalt and iron in the starting oxyhydroxide material.
Cell cultures were prepared in deionized water to a total volume of 9.9 ml containing an electron donor (sodium acetate; 20 mM), an electron acceptor (Co(II)Fe(III)-oxyhydroxide; 50 mmol l 21 ), sodium bicarbonate buffer (NaHCO 3 ; 30 mM) and an electron shuttle, anthraquinone 2,6-disulfonate (10 mM), to accelerate Fe(III) reduction. All manipulations were carried out under a N 2 : CO 2 (80 : 20) gas line to ensure anaerobic conditions.
Geobacter sulfurreducens was grown in anaerobic conditions in the dark at 308C in modified fresh water medium [48] (25 mM sodium acetate as electron donor, 40 mM fumaric acid as electron acceptor). Late log-phase cultures of G. sulfurreducens were harvested by centrifugation at 5000g and 48C, for 20 min and washed twice in bicarbonate buffer (30 mM; pH 7) under a N 2 : CO 2 (80 : 20) gas line. Cells were transferred into bicarbonate buffer, forming a total volume of 30 ml bacterial suspension. Optical density at a wavelength of 600 nm (OD 600 ) was measured using an M501 single beam scanning UV/visible spectrophotometer. The cell suspension was diluted with buffer to achieve an OD 600 of 0.4 in 10 ml volume (0.2 ml cells, 9.8 ml deionized H 2 O). Each culture was then inoculated with 0.2 ml G. sulfurreducens suspension (0.132 mg ml 21 protein, determined by reference to a standard curve prepared with bovine serum albumin) and incubated in the dark at 308C for one week. The end product was washed twice with deionized water to remove cells and buffer solution.
The chemical composition of the material was obtained using EPMA using a Cameca SX100 microprobe equipped with wavelength dispersive spectrometers. The operating voltage was 15 kV with a specimen current of 20 mA. Pressed pellets of nanoparticles were compared against pure metal standards.
XRD measurements were carried out using a Bruker D8 Advance with a Cu Ka 1 source. Data were acquired over a 2u range of 10 -708 with a step size of 0.028. When magnetite formation was observed in the XRD trace, the average particle size was determined by fitting a Lorentzian curve to the most intense reflection (311) in order to determine full width at half maximum and Bragg angle. These values were used to determine the particle size via input into the Scherrer equation [49, 50] .
TEM was carried out using a Technai F20 electron microscope equipped with a field emission gun, EDX detector (Oxford Instruments) and Gatan SC600 CCD camera. All images were obtained using an operating beam voltage of 200 kV.
Magnetic measurements were performed on polycrystalline samples restrained in eicosane using a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T magnet. ZFC and FC magnetization curves were recorded over a 5-300 K temperature range with an applied magnetic field of 100 Oe. The diamagnetism of the sample holder and eicosane was measured and extracted from the raw magnetic data.
For hyperthermia experiments, stable aqueous suspensions of nanoparticles were prepared by coating with citric acid using a procedure similar to that described elsewhere [51] . Briefly, 25 mg of biogenic nanoparticles was added to 5 ml of dH 2 O and the pH lowered to less than 3 using concentrated HCl. The solution was bath sonicated for 2 min before adding dry citric acid to give a concentration in solution of 15 mg ml 21 , and the pH was subsequently increased to 5.2 using concentrated ammonia. The nanoparticle plus citric acid solution was then heated to more than 808C for 30 min. Excess citric acid was removed by magnetic decantation, and the nanoparticles washed with acetone several times. The citric-acid-coated nanoparticles were then resuspended in dH 2 O and subjected to several cycles of vortexing, sonication and centrifugation in order to obtain an optimum stable suspension. ICP measurements were used to obtain iron concentrations in citric-acid-coated nanoparticle suspensions, following complete digestion in high-purity nitric acid. Briefly, the nanoparticle suspensions were mixed with concentrated nitric acid (70%) and heated at 608C for 48 h. Complete digestion of the nanoparticles was confirmed by dynamic light scattering measurements performed before and after digestion. The resulting samples were diluted with ultrapure water (giving a final 2% nitric acid concentration) and 0.2 mm filtered, prior to ICP analysis.
The solution properties of the nanoparticles were determined using a Malvern Zetasizer 3000. Following citric acid coating, the hydrodynamic cluster ( particle) sizes in the aqueous suspensions were determined to be in the range of 40-75 nm for the magnetite and cobalt -ferrite nanoparticles. The measured zeta potential was 245 mV at pH 7.0 reducing to zero at pH % 2.5 in agreement with previous studies [51] .
Magnetic hyperthermia measurements were performed using a commercially available unit supplied by nanoTherics Ltd. The heating effects were determined in an AC magnetic field of 205 Oe at a frequency of 110 kHz. An equivalent volume of dH 2 O was measured to confirm that no heating occurred in the absence of nanoparticles.
XAS at the Fe and Co L 2,3 edges were measured at beamline 4.0.2 of the Advanced Light Source, Lawrence Berkeley National Laboratory, CA, USA. Samples were dried and ground in an anaerobic cabinet and mounted onto carbon tape attached to the sample probe with transportation to the beamline taking place in sealed N 2 containers. The sample probe was loaded into the chamber in a backflow of N 2 to limit potential exposure to oxygen. Measurements were made in TEY mode with an effective probing depth of approximately 3 -4 nm, where the signal decreases exponentially with increasing depth, hence most signal originates from the first few nanometres. XMCD spectra were obtained as the difference between two XAS spectra recorded with two opposite applied magnetic fields of +0.6 T ( parallel and antiparallel to the beam direction). The XMCD is dependent on the magnetic moments of the ferrite spinel sublattices in the magnetite structure (i.e. spin up and spin down), valence state (i.e. number of d electrons) and site symmetry (crystal field). The distribution of Fe cations within the magnetite structure can be determined by comparison of the XMCD with atomic multiplet calculations [37, 38] . In the case of Fe 3 O 4 , each peak in the L 3 edge of the spectrum corresponds primarily to a different component of the magnetite, the lowest energy negative peak corresponds to octahedral Fe 2þ [B] , the positive peak to tetrahedral Fe 3þ (A) and highest energy negative peak to octahedral Fe 3þ [B] [39] .
Mö ssbauer spectra were recorded with a FAST ComTek 1024-multichannel analyser system using a constant acceleration drive (RT, g-source approx. 25 mCi 57 Co/Rh matrix). Samples were sealed between two layers of Kapton tape that were glued together in an anoxic glove bag to prevent oxidation. Measurements at low temperatures were obtained using a liquid nitrogen cryostat. For line fitting, the Lagarec/ Rancourt recoil fitting routine was used (Intelligent Scientific Applications Inc.). Spectra were fitted using Lorentzian line shape symmetrical doublets/sextets. IS data were calibrated with reference to metallic Fe foil recorded at RT. The absorber thickness was less than 4 mg Fe cm 22 .
All data associated with this publication are available at: http://doi.pangaea.de/10.1594/pangaea.808948.
